ABSTRACT Two-photon excitation microscopy shows coexisting regions of different generalized polarization (GP) in phospholipid vesicles, in red blood cells, in a renal tubular cell line, and in purified renal brushborder and basolateral membranes labeled with the fluorescent probe laurdan. The GP function measures the relative water content of the membrane. In the present study we discuss images obtained with polarized laser excitation, which selects different molecular orientations of the lipid bilayer corresponding to different spatial regions. The GP distribution in the gel-phase vesicles is relatively narrow, whereas the GP distribution in the liquid-crystalline phase vesicles (DOPC and DLPC) is broad. Analysis of images obtained with polarized excitation of the liquid-crystalline phase vesicles leads to the conclusion that coexisting regions of different GP must have dimensions smaller than the microscope resolution (-200 nm radially and 600 nm axially). Vesicles of an equimolar mixture of DOPC and DPPC show coexisting rigid and fluid domains (high GP and low GP), but the rigid domains, which are preferentially excited by polarized light, have GP values lower than the pure gel-phase domains. Cholesterol strongly modifies the domain morphology. In the presence of 30 mol% cholesterol, the broad GP distribution of the DOPC/DPPC equimolar sample becomes narrower. The sample is still very heterogeneous, as demonstrated by the separations of GP disjoined regions, which are the result of photoselection of regions of different lipid orientation. In intact red blood cells, microscopic regions of different GP can be resolved, whereas in the renal cells GP domains have dimensions smaller than the microscope resolution. Preparations of renal apical brush border membranes and basolateral membranes show well-resolved GP domains, which may result from a different local orientation, or the domains may reflect a real heterogeneity of these membranes.
INTRODUCTION
Lipids in biomembranes are the milieu for boundary functions of cells, including stimuli to growth and to immunological and stress response, i.e., information delivered from the environment to the cell interior. Membranes of internal organelles allow the compartmentalization of cell functions. Extensive literature exists on the influence of the membrane lipid dynamics on all of the above cell functions (Aloia et al., 1993; Grant, 1983; Maresca and Cossins, 1993) . In particular, given the complexity of the membrane lipid composition, questions have been raised with regard to the possible coexistence of domains of different dynamical properties in the membrane plane, these domains being of relevance for a putative preferential partitioning of proteins and of solutes, for modulating membrane activity, and for diffusion along the plane and through the bilayer.
Fluorescence spectroscopy is one of the commonly used tools for the investigation of lipid dynamical properties. The information on membrane packing and dynamics is obtained from spectroscopic properties such as excitation and emission spectra, polarization, and lifetime of fluorescent probes in the membrane. Among several fluorescent probes, the sensitivity of 2-dimethylamino-6-lauroylnaphthalene (laurdan) to the polarity of its environment has presented several advantages for membrane studies. This probe shows spectral sensitivity to the polarity of its environment, with a 50-nm red shift of its emission maximum in polar versus nonpolar environments, so that simple fluorescence intensity measurements at two properly selected wavelengths provide information on the membrane polarity. Several studies have shown that laurdan spectroscopic properties reflect local water content in the membrane . Also, for laurdan, a modification of the ratiometric method was previously developed, the generalized polarization (GP) function, which allows rapid and fine measurements of the emission spectral shift (Parasassi et al., 1990) . Laurdan was thus an ideal candidate for microscopy measurements, but its use was limited because of its rapid fading. Only recently has the development of the twophoton fluorescence microscopy made it possible to minimize photobleaching problems.
In "cuvette studies," the dependence of the GP value on the excitation wavelength has been used to discriminate between membranes composed of a homogeneous phase and of coexisting domains of gel and liquid-crystalline phases. Excitation GP spectra are calculated by reporting the GP value as a function of the excitation wavelength, i.e., the GP value defined as GP = (I440 -1490)1(I440 + I490) as a function of the excitation wavelength. For model membrane systems labeled with laurdan, a negative slope of the GP excitation spectrum indicated a homogeneous liquid-crystalline environment, and a positive slope indicated the coexistence of gel and liquid-crystalline phase domains . However, when laurdan excitation GP spectra were calculated by labeling the membranes of 12 mammalian cell types, no evidence of phase domain coexistence was obtained (Parasassi et al., 1993a) . Furthermore, laurdan GP studies on the influence of cholesterol on the dynamical properties of phospholipid phases showed that cholesterol has a "homogenizing" effect, which results in an increase in the dynamics of the gel phase and a decrease in that of the liquid-crystalline phase (Parasassi et al., 1994) . The overall spectroscopic properties of cells were consistent with a picture of a homogeneously fluidphase state, with restricted molecular motion compared to the pure phospholipid liquid-crystalline phase, and closely resembling the liquid-ordered phase described by Ipsen et al. (1987 Ipsen et al. ( , 1989 . In vesicles, the influence of cholesterol on the phospholipid phase state was found to depend on its absolute concentration. In particular, at peculiar cholesterol concentrations, abrupt modifications of the bulk lipid dynamical properties were observed . The fine modulation of structural and dynamical membrane properties at specific cholesterol concentrations was supported by recent findings by Virtanen et al. (1988 Virtanen et al. ( , 1995 and by the Chong group (Tang and Chong, 1992; Chong et al., 1994; Chong, 1994) on presumed hexagonal lattice-type ordered molecular arrangements created at peculiar concentrations of a guest molecule in the phospholipid matrix, including cholesterol. In summary, from all of the above results the picture of the cell membrane dynamical properties appeared to be characterized by 1) the absence of gel-phase domains; 2) a homogeneous liquid-crystallinelike or liquid-ordered phase; 3) abrupt dynamical changes due to fine variations in cholesterol concentration. By extrapolating the results found in model membrane systems, it was hypothesized that in natural membranes the lipid dynamical properties could be finely tuned by small variations of the cholesterol concentration. In this liquid-crystallinelike ordered phase, it is noteworthy that laurdan spectroscopy could not reveal whether, in the presence of cholesterol, domains of different dynamical properties exist or not (Parasassi et al., 1994) .
Microscopy can provide a unique tool for the study of membrane heterogeneity. However, the application of fluorescence spectroscopy methods to the microscope has been restricted, mainly because of the photolability of most of the membrane probes. Although there is a relatively extensive literature on membrane domains induced by protein segregation or similar induced effects (Rodgers and Glaser, 1991) , the problem of the organization of the lipid components has not been extensively studied with the microscope. Recently, GP images of mouse fibroblast membranes labeled with laurdan were obtained with a two-photon fluorescence microscope (Yu et al., 1996) showing the existence of GP domains of different average GP values in the various cellular compartments. Possible artifacts due to the cell were excluded. Within each cellular membrane, the resultant GP domains were of very small size. A crucial observation was the broad distribution of GP values. One trivial explanation for the wide GP distribution was that of measurement noise. However, the possibility existed that the observed distribution reflected different local values of the GP. These observations stimulated more basic studies on model membrane systems for a characterization and understanding of the origin of the GP distribution. We reasoned that if we can perform simultaneous measurements of polarization and GP on each pixel, we can determine if there is a correlation between well-oriented membrane regions and GP values. From our previous knowledge on membrane packing and dynamics in phospholipid vesicles (Parasassi et al., 1990) , we expected that more ordered regions (high polarization) should correspond to regions of relatively low water content (high GP). If this correlation can be demonstrated for well-identified membrane regions, then the GP distribution may correspond to a real membrane spatial heterogeneity.
In this work we present a study performed using lipid vesicles of different phase states and of coexisting phase states, with and without 30 mol% cholesterol. As a first approach to the study of the effect of cholesterol on phospholipid dynamics, the above cholesterol concentration was used, being representative of the average cell membrane cholesterol concentration (Levi et al., 1987) . The lipid vesicles have been labeled with laurdan, and GP images have been acquired using our two-photon microscope. We also have acquired images of intact red blood cells, a renal tubular cell line, and renal apical brush border membranes and basolateral membranes with the purpose of comparing the results found in vesicles with the images of natural biological membranes. Brush border and basolateral membrane preparation Apical brush border (BBM) and basolateral (BLM) membranes from the rat renal cortex were simultaneously isolated by a differential centrifugation, magnesium precipitation, and discontinuous sucrose gradient method (Molitoris and Simon, 1985) as previously described (Levi et al., 1987 (Levi et al., , 1989 . The BBM preparation was enriched at least 12-fold compared to the starting cortical homogenate, as assayed by the BBM-specific enzyme markers alkaline phosphatase, maltase, -y-glutamyl transferase, and leucine aminopeptidase specific activity. The BLM preparation was enriched at least 10-fold, compared to the starting cortical homogenate, as assayed by the BLM-specific enzyme marker Na,K-ATPase (Levi et al., 1987 Experimental apparatus for two-photon excitation microscopy measurements Two-photon excitation is a nonlinear process in which a fluorophore absorbs two photons simultaneously. Each photon provides half the energy required for excitation. The high photon densities required for two-photon absorption are achieved by focusing a high peak power laser light source on a diffraction-limited spot through a high numerical aperture objective. Hence, in the areas above and below the focal plane, two-photon absorption does not occur, because of insufficient photon flux. In this manner the two-photon method provides a depth discrimination or sectioning effect similar to that of confocal microscopy without using emission pinholes. For example, when 770-nm excitation (which results in a two-photon absorption equivalent to 385-nm excitation) is used with a 1.25 NA objective, over 80% of the total fluorescence intensity is confined to within 1 ,um of the focal plane (So et al., 1995 (So et al., , 1996 . Another advantage of the twophoton excitation is the significant reduction of photobleaching and photodamaging in areas above and below the focal plane.
MATERIALS AND METHODS Lipid vesicle preparation
The data acquisition and image analysis methods for GP microscopy measurements as described by Yu et al. (1996) were followed. A titaniumsapphire laser (Mira 900; Coherent, Palo Alto, CA) pumped by an argon ion laser (Innova 310; Coherent) was used as the excitation light source because of its stability. The wavelength of the laser was tuned at 770 nm, where it has maximum power. The laser light was guided by a galvanometer-driven x-y scanner (Cambridge Technology, Watertown, MA) to achieve beam scanning in both the x and y directions. The scanning rate was controlled by the input signal from a frequency synthesizer (HewlettPackard, Santa Clara, CA), and a frame rate of 9 s was used to acquire the three images (256 x 256 pixels) for the GP calculation. The laser power was attenuated to 20 mW before the light entered the microscope. The sample receives about one-tenth of the incident power. A quarter-wave plate (CVI Laser Corporation, Albuquerque, NM) was placed after the polarizer to change the polarization of the laser light from linear to circular for polarization-independent excitation. To change the laser polarization, a polarizer was placed right after the quarter-wave plate in the excitation path. Two optical bandpass filters (Ealing Electro-Optics, New Englander Industrial Park, Holliston, MA) were used to collect fluorescence in the blue and red regions of the laurdan emission spectrum. A miniature photomultiplier (R5600-P; Hamamatsu, Bridgewater, NJ) amplified through a AD6 discriminator (Pacific, Concord, CA) was used for light detection in the photon counting mode. The counts were acquired by a home-built card.
RESULTS Spectroscopy
Laurdan fluorescence excitation and emission spectra, GP values, and GP spectra in phospholipid vesicles in the gel and in the liquid-crystalline phases and the effect of cholesterol have been extensively reported in previous papers (Parasassi et al., 1990 (Parasassi et al., , 1994 . For clarity, here we recall some of the emission spectral features of this probe and of its excitation GP spectra. We also present new spectroscopic data on the equimolar mixsilane layer to help maintain the round cell shape.
In Fig. 1 A, laurdan emission spectra at 20°C of vesicles in the liquid-crystalline phase (DOPC and DLPC vesicles), in the gel phase (DPPC vesicles), and in the equimolar mixture of two coexisting phases (DOPC/DPPC and DLPC/ DPPC vesicles) are reported. Because of dipolar relaxation, in liquid-crystalline vesicles a red shift of the emission can be observed, which is more pronounced in DOPC vesicles. The laurdan emission in gel-phase DPPC vesicles is narrow and blue. In vesicles composed of mixed phases, the emission spectrum is broad, because of both blue and red emitting laurdan molecules. The corresponding excitation GP spectra are reported in Fig. 1 B. Excitation GP spectra show laurdan GP values obtained at the different excitation wavelengths, from 320 nm to 420 nm. Characteristic features of the laurdan excitation GP spectra can be summarized as follows: 1) In the gel phase (DPPC vesicles), no appreciable wavelength dependence of the GP value can be observed. 2) In the liquid-crystalline phase (DOPC and DLPC vesicles), the GP value decreases with increasing excitation wavelength. This behavior has been explained as being due to an increasing excitation of the relaxed laurdan molecules populating the red part of the excitation band as the excitation wavelength is increased. 3) In the presence of coexisting phases (equimolar mixtures of DOPC/DPPC and of DLPC/ DPPC), the red part of the excitation spectrum corresponds to laurdan molecules surrounded by phospholipids in the gel phase, so that as the excitation wavelength is increased, more unrelaxed (blue emitting) laurdan molecules are excited, resulting in an excitation GP spectrum with a positive slope. This opposite behavior of laurdan excitation GP spectra, with a positive slope in the presence of mixed phases and a negative slope in the liquid-crystalline phase, has been used to discriminate between membranes composed of two coexisting or one-phase phospholipids (Parasassi et al., 1993a,b; . In Fig. 2 A we report the laurdan emission spectra obtained in the same samples with the addition of 30 mol% cholesterol. The presence of 30 mol% cholesterol noticeably reduces the dipolar relaxation effect, resulting in a blue shift of the emission spectra observed in all samples. The excitation GP spectra of the samples with 30 mol% cholesterol are reported in Fig. 2 B. Compared with the same samples without cholesterol, we can observe a general increase in the absolute GP values. Furthermore, a modification of their wavelength dependence can be observed, the excitation GP spectra being relatively flat, similar to the excitation GP spectra observed in gel phase without cholesterol. In the phospho- . In the presence of cholesterol, a relatively small wavelength dependence of the GP value can be observed in the samples composed of pure phospholipids, DOPC, DLPC, and DPPC, only at high excitation wavelengths, above 390 nm, with a slightly negative slope as the excitation wavelength increases.
Microscopy
Vesicles without cholesterol
Images of vesicles composed of the above phospholipids and labeled with laurdan have been obtained with the twophoton excitation fluorescence microscope, using polarized laser excitation. Although we present images of selected fields of view, the entire slide presents a remarkable homogeneity. Different regions have almost identical GP histograms, although the shape of the vesicles may vary from region to region. Under white light, vesicles appear approximately spherical. Because of the sectioning effect of the two-photon microscope, a section -600 nm thick is imaged for each scan. In Fig. 3 the section images of the DOPC vesicles at room temperature (-20°C) are shown. The different colors represent different laurdan GP values, following the scale reported in the figure. The GP values are relatively low, mainly below 0, as expected in vesicles in the liquid-crystalline phase. In all images presented, the average GP value is in excellent agreement with that measured in cuvette studies. A novel result from the microscope images is that the distribution of the GP values is broad, indicating a relevant heterogeneity of the vesicles (Fig. 4 A) . Polarized excitation allows a better understanding of the heterogeneity of the vesicles. Polarized excitation ( 100 with respect to the horizontal) apparently photoselects areas (pixels) of higher GP value. The photoselection due to polarized light obtained by two-photon excitation is more pronounced than the photoselection obtained by one-photon excitation, because of the larger value of the time 0 polarization of laurdan (0.66 at 770 nm versus 0.44 at 385 nm). By selectively plotting only the pixels below and above the average value of the GP distribution (GP < -0.2, Fig. 3 B; GP > -0.2, Fig. 3 C) , different, nonoverlapping areas are drawn. Because of the photoselection operated by the polarized excitation, mainly the pixels with higher GP values are plotted along the axis parallel to the excitation axis (Fig.  3 C) . The heterogeneity of the liquid-crystalline phase is even more evident in the images of the DLPC vesicles (Fig. 5) . Also for these vesicles, the broad GP histogram (Fig. 4 B) corresponds to disjoined spatial regions (Fig. 5 A) . Excitation polarization photoselection can clearly be seen by plotting of the pixels with GP < 0 or GP > 0 ( DPPC sample with cholesterol ( Fig. 9 ) appear almost completely "polarized," with a very low intensity in the vertical plane, perpendicular to the horizontal excitation polarization. The histogram of the GP distribution (Fig. 8 B) is relatively narrow but shifted to higher GP values, and shows a tail of low intensity with lower GP values. The pixels with low GP value are uniformly distributed in the membrane (Fig. 9 B) , rather than located in disjoined large regions. In the vesicles composed of the equimolar mixture of DOPC and DPPC, the presence of 30 mol% cholesterol produces a narrowing of the GP histogram (Fig. 8 C) , and the images appear strongly polarized (Fig. 10) . When low and high GP values (lower or higher than 0.3) are plotted, the excitation photoselection is clearly observable (Fig. 10, B and C) . When the excitation is unpolarized, a more complex pattern appears (Fig. 11) . The characteristic annular shape of the vesicles is due to the particular section of this image that is close to the bottom of the vesicles.
RBC and OK cells
The images of intact RBCs are shown in Fig. 12 A. The section is through the center of the cell. The GP histogram is relatively wide (Fig. 12 D) . Sectioning of the histogram in low GP and high GP produces the images of Fig. 12 , B and C. One remarkable feature of Fig. 12 , B and C, is that the regions of low and high GP are not disjoined, but the high GP image is well polarized, whereas the low GP image has pixels uniformly distributed around the cell membrane. OK cells have a large amount of fluorescence from internal membranes (Fig. 13 A) . When only GP values greater than 0.3 are plotted, the plasma membrane is isolated with higher intensity (pixel density) parallel to the excitation polarization (Fig. 13 C) . To isolate the external membrane, we have masked the pixels in the cell interior and left only those pixels corresponding to the plasma membrane (Fig. 14 A) . Only for this membrane is the GP histogram relatively broad (Fig. 14 D) . The images of low and high GP appear to be well polarized and disjoined (Fig. 14, B and C) . respond to disjoined areas. For vesicles composed of the equimolar mixture of DPPC and DOPC, the phase coexistence is impressively clear in the GP image (Fig. 7) , both for the spread of the GP histogram (Fig. 8 A) and for the photoselection operated by the polarized excitation (Fig. 7) .
Vesicles with 30 mol% cholesterol (Levi et al., 1987 (Levi et al., , 1989 (Levi et al., , 1990 branes can be isolated by plotting only relatively low GP values (Fig. 15, B and E).
DISCUSSION
The effect of photoselection and the interpretation of the GP images
As the first point in our discussion, we want to emphasize the importance of the GP measurement using polarized excitation light. Indeed, GP images of mouse fibroblast membranes have previously been reported, showing the coexistence of several areas of different average GP values (Yu et al., 1996) . Furthermore, identifiable membrane structures, such as the plasma membrane and the nuclear membrane, could be highlighted by plotting selected GP windows. For example, the plasma membrane showed larger GP values than the nuclear membrane. However, neither the meaning of the broad GP distribution nor the contribution of measurement noise to the degree of GP distribution was previously discussed. In B and C only selected GP values are drawn, using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction of polarization is -100 with respect to the horizontal.
distribution, we performed a series of experiments on lipid vesicles using polarized excitation, the results of which we present here. The interpretation we propose for the observed GP patterns is based on a model that takes into account the sectioning effect of the two-photon microscope and the supposedly relatively well-organized structure of multilamellar vesicles, which allowed us to correlate regions of different GP with regions of different orientation of the laurdan molecules (see Fig. 16 for a diagram of various possibilities). We assume that our microscope images correspond to a section through the onionlike structure of the multilamellar vesicle. Sections at the center or at the top (bottom) of the multilamellar structure make it possible to explore regions of different phospholipid orientation, as shown schematically in Fig. 16 . From a series of independent measurements, we have determined that the transition dipole moment of the laurdan molecule is oriented along the phospholipid chain . Because of the well-organized structure of the vesicle, as we explore different sections of a large vesicle, in the direction parallel to the excitation polarization strong excitation can occur, whereas poor excitation will occur in the polar regions and perpendicular to the excitation polarization (Fig. 16 regions of substantial higher total fluorescence emission. However, the GP image, which results only from spectral differences and not by different orientations, should be relatively uniform both in the equatorial and in the polar regions of the vesicle. Of course, it may happen that in the polar regions there is not enough intensity to measure the GP. Our image-processing software only calculates the GP in those pixels with adequate intensity. If the laurdan molecule can have every possible orientation in every location in the vesicle, the total fluorescence intensity (as well as the GP) should be spatially homogeneous. 114. rial and polar regions, because these domains are poorly polarized. As a consequence, the image of the low GP values is uniformly distributed in the equatorial and polar regions. This is the characteristic signature of coexisting domains with sizes comparable to the microscope resolution. Of course, to observe domains of this size, the contribution from the different layers of the multilamellar vesicles should be separated, i.e., only in unilamellar vesicles or in cell membranes made of a well-identified single bilayer can this effect be observed. Furthermore, these large microdomains should last for times longer than the total time for the GP image acquisition (-27 s).
Possible origin of the broad GP distribution of the liquid-crystalline phase
We have a series of novel observations with regard to previous models of dynamical properties of phospholipid E.Uu bilayers and of the effect of cholesterol. In vesicles composed of a single phospholipid (i.e., of a single phase), an unexpected finding of our microscopic observations concerns the existence of a large dynamical heterogeneity, particularly in the liquid-crystalline phase. In both DOPC and DLPC vesicles, the GP distributions are surprisingly broad (Fig. 4, A and B) . We can observe a strong photoselection of higher GP values in the equatorial regions and low GP values in the polar regions of our multilamellar vesicles. In the GP images of DLPC vesicles, the separation between equatorial and polar regions is particularly strong (Fig. 5 ). According to our interpretation model, the size of the GP domains must be smaller than the microscope resolution, which is -200 nm radially and 600 nm axially. The small size of the microdomains can arise either because along a single layer of the multilamellar vesicle the domains are small or because the layers are so close that the contribution from individual layers cannot be resolved. For a vesicle in the liquid-crystalline phase we were expecting a relatively homogeneous fluid environment of the laurdan molecule. However, our experiments show that the liquidcrystalline phase is made of a distribution of small domains, which are stable enough to be observed as separate entities during the fluorescence lifetime of laurdan, which is -4 ns in the liquid-crystalline phase. We propose that the intrinsic heterogeneity of the liquid-crystalline phase is due to a distribution of different sites in which the laurdan molecule can reside. These sites are characterized by a different number of water molecules, and we have already demonstrated that the GP value is sensitive to the membrane water content . On the basis of NMR studies (Borle and Seelig, 1983 ) and molecular dynamics calculations (Chiu et al., 1995) , we estimate that the average number of water molecules at the location of the laurdan fluorescent moiety is not more than two or three. Because of the Poisson distribution of these few water molecules, there is a distribution of laurdan environments with no, one, two, three, etc. molecules of water. For example, for an average of two molecules of water per cavity around the laurdan fluorescent moiety, the Poisson distribution of water molecules at the different sites is 0 --0.135, 1 -> 0.270, 2 -> 0.270, 3 --0.203, 4 -> 0.090, 5 -> 0.031, and more than 5 -> 0.020, The larger the number of water molecules, the lower is the GP, and the larger is the cavity around the laurdan molecule. Because of photoselection operated by polarized excitation, in the polar regions, perpendicular to the excitation photoselection, we can excite laurdan molecule in large cavities, whereas in the equatorial regions, parallel to the excitation photoselection, we preferentially excite laurdan molecules in small cavities. This model explains why low GP values are correlated with poorly oriented laurdan molecules. Instead, in DPPC vesicles, which contain virtually no water at 20°C, the GP distribution is narrow (Fig. 4 C) , and the intensity arises almost completely from the equatorial regions (data not shown). The GP image is relatively uniform (Fig. 6 ), in accord with expectations for a homogeneous sample. In these pure gel-phase vesicles, the GP value was previously shown to be constant with temperature and only dependent on the bilayer phase state, but not on its composition . Within the liquid-crystalline phase a temperature increase is known to cause a decrease in the laurdan GP to an asymptotic value (Parasassi et al., 1990) . On the basis of our new findings of the GP distributions in the liquid-crystalline phase, we propose that this effect is caused by a gradual increase of sites with more water as the temperature increases. To support this point of view, we compare the GP images of the DOPC and DLPC vesicles. Both vesicles are in the liquid-crystalline phase at 20°C, but DLPC is closer to the transition temperature than DOPC. In the image of the DLPC vesicles, regions of different GP are more disjoined. We note that, in cuvette studies, neither the flat excitation GP spectrum of the gel phase nor the wavelength dependence of the excitation GP spectrum in the liquid-crystalline phase could detect the heterogeneity shown by the microscopic observations.
In equimolar mixtures of DOPC/DPPC, the gel and liquid-crystalline domains are small
The microscopy images of the vesicles composed of an equimolar mixture of the two phospholipid phases (DOPC and DPPC) show the occurrence of regions of different GP values (Fig. 7) . The GP histogram is quite broad (Fig. 8 A) . For these samples, the excitation GP spectrum (as well as many other techniques) reveals the coexistence of separate domains (Fig. 1 B) . However, we note that the GP histogram is not clearly bimodal. The higher GP values in the distribution (Fig. 8 A) are lower than those expected for a pure gel phase, indicating that more water can penetrate the DPPC phase. The lower GP values of the distribution histogram are higher than those expected for the pure DOPC phase, indicating that less water is present in the mixture sample. From the GP histogram we conclude that the domains of high GP are not simply domains of pure gel, in agreement with previous findings (Parasassi et al., 1993b) . The image of this mixture (Fig. 7) shows disjoined regions of high and low GP, similar to the images of the pure DLPC and DOPC vesicles. In analogy with the analysis of the DLPC and DOPC vesicles, our interpretation model suggests that the domains (which are known to exist in this model) either are very small within a single layer, or each layer contains large domains, but we observe multiple layers in each pixel. The hypothesis of small (lateral) dimensions for these domains is in agreement with previous calculations based on spectroscopic observations. ( Parasassi et al., 1993b) , the domains' linear dimensions were estimated to range between 2 nm and 5 nm, well below the resolution of the two-photon microscope (about 200 nm in the axial plane).
Cholesterol induces heterogeneity in the gel phase
The morphological and dynamic modifications induced by cholesterol on the pure and mixed phospholipid phases, as observed with the two-photon microscope, are quite impressive. Previous studies reported a strong modification of phospholipid phase properties in the presence of cholesterol (Ipsen et al., 1987 (Ipsen et al., , 1989 Vist and Davis, 1990; Mouritsen, 1991) . Depending on their relative concentrations and on temperature, the phase properties of vesicles composed of binary mixtures of cholesterol and phospholipids have been described by the solid-ordered, liquid-disordered, and liquid-ordered phases. These phases account for the increase in translational and rotational motions of the phospholipids in the gel phase in the presence of cholesterol, and for their decrease in the liquid-crystalline phase (Mouritsen, 1991) . In a few words, cholesterol renders the gel phase more fluid and the liquid-crystalline phase more solid. From our polarized microscopic images we can see that in DPPC vesicles, the presence of 30 mol% cholesterol does not induce an average disordering effect. The main component of the GP histogram (Fig. 8 B) moves to higher GP values, indicating that the bilayer is more ordered and that less water is present. Instead, we observe a smaller component in the GP distribution at low GP. However, the pixels corresponding to the lower values of the distribution are uniformly distributed in these vesicles (Fig. 9 B) , maybe with a tendency to align along circles. According to our model interpretation, the GP domains corresponding to this part of the distribution must have dimensions similar to or larger than the pixel size. In this respect, the higher translational motion reported for the liquid-ordered phase can be due to this population of more fluid areas in the gel phase when cholesterol is present.
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Cholesterol homogenizes the phases
The effect of the addition of 30 mol% cholesterol to the equimolar mixture of DOPC and DPPC on the emission (Fig. 2 A) and on the GP spectra (Fig. 2 B) is similar to that already reported for the equimolar mixture of DLPC and DPPC (Parasassi et al., 1994) . In comparison with the same sample without cholesterol, the emission spectrum is blue shifted, and the wavelength dependence of the excitation GP spectrum has a negative slope. As discussed above, the characteristic behavior of the GP as a function of excitation wavelength has been used to discriminate between bilayers composed of coexisting domains of different phases and of homogeneous intermediate phase properties (Parasassi et al., 1993b) . By adding cholesterol to phospholipid vesicles composed of equimolar concentrations of the two phases, the positive slope observed in the presence of coexisting domains was reported to progressively decrease, so that at cholesterol concentrations above 10-15 mol%, the excitation GP spectra show the wavelength dependence typical of a homogeneous liquid-crystalline phase (negative slope), although the absolute GP values are higher (Parasassi et al., 1994) . The microscopic GP images of the DOPC-DPPC vesicles with 30 mol% support this picture. The vesicles appear to be strongly polarized, with a relatively broad GP distribution (Fig. 8 C) . The section of the vesicles in Fig. 10 is relatively close to the supporting quartz slide, so that the center of the section of the vesicle corresponds to regions in which laurdan molecules are aligned perpendicular to the excitation polarization direction. This part of the image (the center of the section) displays a relatively low GP, indicating that also in this sample it is possible to preferentially excite molecules with lower GP. It is noteworthy that the image obtained with nonpolarized excitation (but the light is always polarized in a plane perpendicular to the direction of light propagation) still shows a region of low GP at the center of the vesicle section, because in this section the plane of light polarization is perpendicular to the laurdan transition dipole moment. There is still an apparent large GP distribution, as judged by the GP histogram (Fig. 8 D) .
In RBCs, GP domains are comparable to the microscope resolution RBC images display only a section of the cell membrane.
We deduce from the characteristic polarization pattern that laurdan molecules have their transition dipole moment lw.. pointing toward the center of the cell, in accord with the vesicle studies. The GP distribution is relatively broad. If we plot pixels with relatively high GP (>0.5), they appear in the equatorial part of the membrane (Fig. 12 C) . If we plot pixels with relatively low GP (<0.3) instead, they appear to be equally distributed along the membrane (Fig.  12 B) . Following our model interpretation, this cell membrane should have domains of sizes comparable to the microscope resolution.
In OK cells, GP domains are smaller than the microscope resolution For the images of OK cells, the pattern is not as clear as with the RBCs. The high GP regions are mainly in the equatorial plane. However, the low GP image (Fig. 13 B) , which appears to be uniformly populated all over the cell section and along the plasma membrane, is more difficult to interpret. There is a large contribution from laurdan in internal membranes, and it is difficult to assign pixels of low GP to the external membrane only. Therefore we masked the cell interior to better visualize the regions of the plasma membrane only. Fig. 14 , B and C, shows the low and high GP images of the masked cells. These images clearly display the characteristic distribution due to the polarized excitation light, and the high and low GP regions are almost completely disjoined. According to our model interpretation for this external membrane, the size of the GP domains is smaller than the microscope resolution.
In with these previous findings (Levi et al., 1987 (Levi et al., , 1989 (Levi et al., , 1990 . Average higher GP values can be observed in the BBM images. Nevertheless, the images from these samples also show a complex texture of small domains with different GP values, and the GP histograms show a relatively broad distribution. Because of the poor local orientation of these membrane preparations, the polarization effect is not evident. Nevertheless, when these images are sectioned for selected windows of low or high GP values, we observe structures (for example, the membrane borders in Fig. 15 ) clearly indicating that the GP values reflect spatially distinct domains. The lower GP values of these border areas can be explained by the more fragile, fluid, membrane breaking points. We must be cautious in interpreting the GP images of these membrane preparations. Our interpretation model is based on an assumption about the orientation of the membranes. Whereas this assumption may be valid for multilamellar vesicles, the actual structure of our BLM and BBM membrane preparation is unknown. A change in local orientation may result in a change in the apparent GP value, only because different orientations select different environments. Whatever the interpretation, there must be an intrinsic GP heterogeneity, either at the submicroscopic level (in this case the regions of different GP may simply correspond to regions of different lipid orientation) or in regions resolvable by the microscope (in which case the GP domains shown in the image correspond to real "fluidity" domains).
